et al. found that infants with bilateral IPH have significantly worse motor and cognitive outcomes than infants with unilateral IPH. [4] The predictive validity of imaging findings for developmental outcomes has not been well established. Furthermore, premature infants may exhibit different brain injuries, and ultrasound (US) can be used to show the type of brain damage. In this study, we performed cranial ultrasound (cUS) to assess the brain injuries of very preterm infants.
Methods

Ethical approval
As a retrospective study and data analysis was performed anonymously, this study was exempt from the ethical approval and informed consent from patients.
Patients
Very preterm infants (gestational age [GA] ≤28 weeks) who were admitted to the neonatal intensive care unit of Hunan Children's Hospital between January 2012 and November 2014 were assessed for brain maturation and brain injury through cUS and magnetic resonance imaging (MRI). The exclusion criteria included congenital anomalies of the central nervous system, other severe congenital anomalies, chromosomal and metabolic disorders, and neonatal meningitis.
Cranial ultrasound
Image acquisition Serial cUS scans were performed by a team of experienced examiners using a Mindray M5 scanner (Mindray Medical Systems, Shenzhen, China) with a special standardized preset in accordance with the standard protocol: scanning with a transducer frequency of 8 MHz within 48 h of birth and scanning weekly during admission until discharge or term-equivalent age (TEA) and again monthly until 6 months or older.
Assessment
Periventricular echodensities (PVEs) were defined and classified in reference to van Wezel-Meijler et al. [8, 9] Cerebral hemorrhages were classified in accordance with the Papile's standard. [10] Hydrocephaly grades were classified into three degrees on the basis of ventricular index and in accordance with Levene et al.: mild hydrocephaly, <13 mm; moderate hydrocephaly, 13-15 mm; and severe hydrocephaly, >15 mm. [11] We obtained weekly and monthly ultrasonic reports of the infants for brain injury classification. Images of the first cUS, TEA-cUS, and last cUS were reviewed blindly by two doctors and classified into three degrees in accordance with PVE grade, hydrocephaly degree, and hemorrhage grade of the Papile's standard.
Magnetic resonance imaging
Image acquisition MRI examinations were performed on living very preterm infants using Skyra 1.5-T Siemens MR system (Siemens Medical Systems, Avanto, Germany) in accordance with the standard protocol [12] for the imaging of newborn infant brains. The scans included at least T1-weighted (repetition time/echo time [TR/TE], 1860 ms/8.5 ms), T2-weighted (TR/TE, 4670 ms/99 ms), diffusion-weighted (TR/TE2, 3600 ms/102 ms), and susceptibility-weighted (TR/TE, 49 ms/40 ms) images on the transverse plane. MRI examinations were performed at approximately TEA, preferably between the 40-and 44-week postmenstrual ages (PMA, i.e., TEA-MRI).
Visual assessment
Special attention was given to the brain white matter (WM). Punctate WM lesions (PWMLs) were defined as small areas of high signal on T1-weighted images and of mostly low signal on T2-weighted images. [13, 14] Diffuse excessive high signal intensity (DEHSI) was defined as areas of excessive high SI diffused within the periventricular and/or subcortical WM on T2-weighted images. [15, 16] 
Clinical follow-up
With the Bayley test, the mental developmental index (MDI) and psychomotor developmental index (PDI) of the infants were recorded at TEA and at 6 months, 1 year, 2 years, and after discharge. The results of the last follow-up were recorded, including intelligence (MDI), PDI, and clinical outcome. Exclusive of dead cases, the MDI and PDI were divided into three groups: normal (>85 points), mildly abnormal (70-85 points), and abnormal (<70 points).
Statistical analysis
Statistical analyses were performed using SPSS version 20.0 (International Business Machines, Armonk, NY, USA). A cross-table was used to assess the consistency between the results of TEA-cUS and TEA-MRI. The consistency ratio between TEA-cUS and TEA-MRI would be calculated as: consistency cases/(129 − died cases) × %. The correlation between the first cUS and last cUS was analyzed through Spearman's correlation in bivariate correlation analysis. The influence factors of MDI/PDI scores were analyzed through ordinal regression analysis. It was statistically significant with P < 0.05.
results
Basic characteristics of patients
A total of 141 very preterm infants were eligible for the study and 129 infants (83 males and 46 females) were included; however, 6 infants lacked MRI results and 1 lacked MDI and PDI scores. Twelve infants were excluded from the study. The reasons for exclusion included death within a very short period after birth. The median GA and birth weight of the included infants were 27 weeks + 2 days (range: 22.5-28.0 weeks) and 1102 g (range: 500-1650 g), respectively. The clinical follow-up deadline was December 2016. The maximum and minimum age of the infants was 59 and 24 months, respectively, at the final follow-up. Among the 129 very premature babies, 38 died before TEA and 4 died after TEA. The mortality and survival rates of the infants were 32.8% and 67.3%, respectively. Among the infants who survived, 72-73% were normal children, 20.9% had mild CP, and 5.8-6.9% had severe CP.
Brain injuries by the first cranial ultrasound
Brain injuries showed by the first cUS among the enrolled very preterm infants are summarized in Table 1 .
Periventricular echodensities degree
Periventricular homogeneous echogenicity was more prevalent than adjacent choroid plexus (PVE-II) in 87.5% of extremely premature infants, and the 60% persistent period exceeded 2 weeks. However, 72% of PVE returned to normal at TEA and 86% normalized at the last cUS, indicating that the majority of early cerebral WM lesions can be improved through regular treatment. Only 12 (14%) infants with PVE continued to be classified as abnormal. Among the 12 infants, 9 and 10 had abnormal MDI and PDI, respectively.
Cerebral hemorrhage
Germinal matrix-intraventricular hemorrhage
In this study, the incidence of germinal matrix-intraventricular h e m o r r h a g e ( G M H -I V H ) i s 2 0 . 9 % ( 2 7 / 1 2 9 ) [GMH Grades 1-4, Table 1 ]. Two Infants with Grade 4 GMH-IVH died on the 24 th and 69 th day after birth, respectively. Of the 11 (9%) infants with Grade 3 GMH-IVH, seven died and four survived. The MDI and PDI scores of these infants were abnormal. The moderate hydrocephaly of one infant at TEA disappeared by the time of the last US. The MDI and PDI scores of this infant were normal, and the child is now studying in school. One infant had hemorrhagic echogenicity, which was absorbed at TEA, and mild hydrocephaly. The MDI and PDI scores of this infant were normal. Twelve (9.4%) infants had Grade 2 GMH-IVH. Of these infants, three died before TEA and four lived. One infant exhibited mild ventricular expansion on the 7 th day that turned to moderate expansion after 1 month. The MDI and PDI scores of this infant were abnormal. Two infants exhibited mild ventricular expansion after 1 month that turned to moderate hydrocephaly at TEA. The MDI and PDI scores of both infants were abnormal. One infant did not exhibit ventricular expansion but showed continuous parenchymal enhancement. The PDI score of this infant was mildly abnormal.
Three (2.3%) infants were classified as Grade 1 GMH. Of these infants, one died and two showed subependymal cysts and ventricular mild expansion at TEA. The PDI scores of the infants were mildly abnormal.
Choroid plexus hemorrhage
Choroid plexus hemorrhage (CPH) appears in US as an asymmetric echogenicity and swollen plexus. A total of 31 (24%) infants exhibited CPH at the first cUS that then completely disappeared at TEA. Nine infants had CPH accompanied by GMH-IVH.
Consistency of ultrasound and magnetic resonance imaging
The consistency ratio between TEA-cUS and TEA-MRI is 88%.
Brain injuries by the last cranial ultrasound
Brain injuries showed by the last cUS among the enrolled very preterm infants are summarized in Table 1 .
Cystic periventricular leukomalacia
Five (2.3%) infants exhibited extensive multicystic lesions in WM that were classified as Grade 3 through cUS. Consistent with the MRI results, the lesions persisted in three infants until TEA. One infant showed diffuse cystic periventricular leukomalacia (c-PVL) that transformed from PVE-III after 2 weeks. The infant, however, died after several days. Two infants showed diffuse c-PVL at 2 and 6 weeks. The MDI/PDI scores of these infants were abnormal (<70). One infant showed extensive c-PVL at 2 weeks that turned to local c-PVL after 3 months but died of other unrelated serious diseases. One case showed PVE-III on the 1 st day and diffuse c-PVL on the 7 th day; these findings gradually narrowed after 2 months and disappeared by the 6 th month. This infant had normal MDI and PDI scores. Meanwhile, one infant with moderately abnormal MDI/PDI scores was classified as Grade 2 through TEA-cUS (PVE-II + local cystic of WM) but was defined as Grade 3 with multicystic PVL through TEA-MRI. Four (3.1%) infants were found with local c-PVL through TEA-US. The US results of these infants were consistent with their MRI results, which showed homogeneous DEHSI or few PWML (≤6). The local cystic lesions of the three infants disappeared at the final cUS; of these infants, two had mildly abnormal PDIs.
Subtle white matter injury
In this group, six infants exhibited PWMLs. One case was diagnosed with multiple (>6) PWML and one case was diagnosed with small localized cystic lesions via MRI. The subtle white lesions were originally unrecognizable but showed sustained, inhomogeneous periventricular WM echogenicity through cUS. One infant had abnormal MDI/PDI scores, three infants had mildly abnormal MDI/PDI scores, and four infants had normal MDI/PDI scores.
Hydrocephaly
Hydrocephaly is a common late manifestation secondary to GMH. In this study, the incidence of hydrocephaly was 38% (33/87). Three infants had severe hydrocephaly secondary to Grade 3 GMH. Of these infants, one died and two survived. The moderate hydrocephaly of the two surviving infants, however, gradually worsened. The hydrocephaly of one infant became severe after 40 days, whereas that of the other was moderately severe as observed at TEA-cUS and became severe at 1 year after birth. The MDIs/PDIs of both infants were abnormal.
Subependymal cyst and widening of extra-axial spaces
In this group, 36% (31/87) showed widening brain extra-axial spaces. Of these infants, 8% (7/87) showed subependymal cyst in last imaging.
Correlation between the first imaging and last cranial ultrasound imaging
The degrees of GMH and PVE at the first cUS were significantly correlated with hydrocephaly. Other variables were not significantly correlated with hydrocephaly [ Table 2 ]. All variables at the first cUS were not significantly correlated with subependymal cyst [ Table 2 ]. The PVE degree of the first cUS was significantly correlated with the widening of extracranial space. GMH, CPH, and GMH + CPH alone had no significant correlation with the widening of extracranial space [ Table 2 ].
Correlation between cranial ultrasound and mental developmental index/psychomotor developmental index by ordinal regression
At first cUS, twins, or multiplets, GMH Grades 1-4, CPH, PVE-II, and PVE-III are harmful factors (odds ratio [OR] >1), whereas hospitalization duration, gestational age, and weight are protective factors for MDI/PDI and prognosis (OR <1). GMH Grades 3 and 4 GMH, hospitalization duration, and weight are significantly correlated with MDI/PDI and prognosis [P < 0.05, Tables 3 and 4] . At last cUS, twins or multiplets, widened extracranial space, subependymal cyst, c-PVL, and hydrocephaly are harmful factors (OR >1), whereas hospitalization duration, gestational age, and weight are protective factors for MDI and PDI (OR <1). Gestational age, extensive c-PVL, and moderate and severe hydrocephaly are significantly correlated with MDI [P < 0.05, Table 5 ]. Extensive c-PVL and moderate and severe hydrocephaly are significantly correlated with PDI [P < 0.05, Table 6 ].
dIscussIon
Hemodynamic alterations in premature infants could lead to various types of brain injury. In this group, early WM injury was defined on the basis of PVE. GMH-IVH and CPH were considered as primary injuries, and hydrocephaly, cystic periventricular leukomalacias, widened extracranial space, and subependymal cysts were considered as secondary injuries.
Consistent with a previous report, [17] in this group, Grade 2 GMH-IVH is the most common type of GMH-IVH observed at the first cUS. Among all infants with GMH-IVH, 54% later developed CP or mild CP. Moreover, 66% of infants with Grades 3 and 4 GMH-IVH died, and 50% of the surviving infants developed CP. These results are consistent with the results of previous studies. For example, Tsai et al. [7] reported that all infants who had experienced extensive hemorrhages involving three or more lobes developed CP. Previous studies have reported that the prevalence of CP among IPH survivors is 45-80%. [2] [3] [4] [5] [6] Recent studies have shown that 54% of infants who survived IPH developed CP. [18] The results of orderly regression analysis also suggested that GMH-IVH, especially Grades 3 and 4, is significantly correlated with CP and poor prognosis. Therefore, severe hemorrhage is a predictor of high mortality and high CP incidence. As previously reported, [19] the extent of hemorrhage (number of lobes involved on the worst-affected side) is significantly associated with the development of CP. Through treatment, however, the diagnoses of two infants with severe GMH were downgraded to mild CP, and one infant did not develop CP. In this study, the hemorrhage symptoms of 20 infants completely disappeared at TEA, and the infants did not develop CP. Pure CPH is not significantly correlated with CP. However, the intraventricular choroid plexus is the most common origin of IVH in premature neonates. [19] CPH may be caused or accompanied by IVH and hydrocephaly, which would influence nerve development. Thus, hospitalization duration and weight are significantly correlated with MDI/PDI and prognosis (P < 0.05, OR <1). This relationship indicated that the length of hospital stay and the weight of very premature neonates are crucial protective factors against mortality and CP incidence.
We found that hydrocephaly is significantly correlated with GMH. This finding is similar to the findings of previous studies. Hydrocephaly is a major complication of IVH. The incidence of hydrocephaly is inversely related with GA and reaches up to 20-25% among infants with very low birth weight (VLBW). [20] The imaging variables in our study indicated that VM in either early or late imaging is strongly associated with CP. The results of ordinal regression analysis also showed that severe and moderate hydrocephaly is significantly correlated with CP development. Hemorrhage may progress to ventricular dilation and lead to CP. This finding has been consistently confirmed by multiple studies. Merhar et al. [21] found that among former VLBW infants, VM at TEA is a predictor of CP development and low intelligent quotient at 4.5 years of age. Roze et al. [22] found that among survivors of IVH, posthemorrhagic ventricular dilation is a risk factor for low intelligence and poor fine manipulative abilities at 4-12 years of age. Blood clots can cause cerebrospinal fluid blockage, which causes hydrocephaly in association with cerebral hemorrhage. Parenchymal hemorrhage or WM lesions can lead to WM loss and is another reason for hydrocephaly development. Although US imaging cannot be used to evaluate the degree of WM loss, it can be used to evaluate the degree of hydrocephaly, which, in turn, reflects the degree of WM loss. This relationship accounts for the association between serious hydrocephaly and high CP incidence. In this study, the degree of hydrocephaly changed with time: it progressed to severe hydrocephaly, improved to mild hydrocephaly, or eventually disappeared. TEA-cUS and later follow-up are necessary to observe or measure the degree of hydrocephaly. The serial HUS measurements of the lateral ventricular may play a key role in the early recognition and therapeutic evaluation of hydrocephaly and can be of prognostic value in neonates. In this study, GMH and PVE degree are significantly correlated with hydrocephaly. GMH, PVE degree, and CPH are not correlated with subependymal cysts because cysts secondary to GMH or WM injury may have been absorbed and some of the cysts which observed at last cUS may be caused by other factors, such as infection. Furthermore, the widening of extra-axial spaces is significantly correlated with PVE degree but not with cranial hemorrhage. This finding indicated that cranial hemorrhage is not the main cause of extra-axial widening.
In this group, PVE degree is significantly correlated with hydrocephaly and c-PVL. This diffuse and faint echogenicity appears within the 1 st days of life and gradually normalizes. This echogenic region should be distinguished from the heterogeneous and highly echogenic regions that represent WM damage. In infants with GAs of 24 and 30 weeks, vascular watershed areas are located in the periventricular region, thereby rendering the periventricular VM vulnerable to hypoperfusion. WM damage can lead to WM loss, progress to local cysts, and ultimately lead to hydrocephaly and CP. In this group, 5 (2.3%) infants presented extensive multicystic lesions in their WM. Among the five infants, two died of accompanying serious diseases, two developed CP, and one had a normal outcome. Cysts are usually only visible for a few weeks: 4/6 of cysts appeared at approximately 2 weeks after birth and approximately 2/6 were resolved at TEA. The incidence of c-PVL is underreported because cysts are usually not detected when cUS is performed only during the 1 st week after birth and once again at 36 weeks, as recommended by the CME guidelines for infants with ELGAN. [23] Hence, sequential cUS is required to detect the development of cysts in c-PVL. Continuous cerebral US is necessary to identify changes in cerebral WM damage and PVL. Permanent extensive c-PVL is a predictive factor of CP development. However, through treatment, cysts could decrease in size or even disappear, and the reduction in size or disappearance of a cyst is indicative of a good prognosis.
In this group, six infants exhibited PWMLs on MRI. PWMLs are subtle white lesions that are not easily recognizable but can be characterized by sustained, inhomogeneous periventricular WM echogenicity at TEA or at last cUS. The PVE of 12 (14%) infants persisted until the last cUS, and most infants developed CP (75% and 83%). Among the infants with PWMLs, 1 (16%) developed CP and 3 (50%) developed mild CP at follow-up. These results are consistent with those of several recent studies and suggested that the presence of PWML is associated with an increased risk of CP and abnormal MDI and PDI. [17, 18] PWMLs can be hemorrhagic or ischemic in origin. Continuous, inhomogeneous periventricular WM echogenicity in US is significantly correlated with PWMLs. Periventricular WM echogenicity that persists until TEA or beyond could indicate focal cerebral WM lesions, which may have local ischemic or hemorrhagic origins, and is a predictor of mild CP.
In this study, we analyzed the relationship between early cerebral hemorrhage or WM injury and advanced hydrocephaly or subependymal cysts. We also analyzed the relationship between brain injuries and CP. Although we obtained some important results, our retrospective study is limited by the lack of clinical treatment data. Thus, further studies with a large sample size should be established to identify correlations between different treatment strategies and the long-term neurological outcomes of very premature neonates.
In conclusion, GMH is significantly correlated with the development of hydrocephaly but not with subependymal cysts and the widening of extra-axial spaces. PVE degree is significantly correlated with the development of hydrocephaly and the widening of extra-axial spaces but not with subependymal cysts. Very premature infants with Grades 3 and 4 GMH, short hospitalization duration, and low weight have low survival rates and poorly developed brain nerves.
CP can result from severe cerebral hemorrhage, moderate and severe hydrocephaly, and extensive c-PVL. By contrast, the widening of the extra-axial space, choroid plexus, and mild hydrocephaly have limited effects. Sustained, inhomogeneous echogenicity WM may suggest the presence of subtle WM injury or local bleeding, which affects brain development.
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